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Abstract 
Areas of Quaternary refugia for tree species have been mainly delineated based on fossil records 
and phylogeography, but niche modelling can provide useful complementary information. Here 
we use niche modelling to test the main hypotheses about the past distribution of Castanea sativa 
for the Last Glacial Maximum (LGM) and the mid-Holocene in Europe. We computed 
distribution models for current climatic conditions using different methods, and projected them 
onto three climatic scenarios for the LGM and the mid-Holocene. The projections were validated 
with pollen and charcoal records. LGM refugia were suggested in the north of the Iberian, Italian 
and Balkan Peninsulas, and in northern Anatolia. The projections for the mid-Holocene indicated 
high climatic suitability and geographic expansion of the species range across southern Europe, 
including some areas where the species is nowadays considered as non-native. In general, our 
niche modelling results are consistent with the patterns proposed based on pollen and charcoal 
records, and partially also on phylogeographic information inferred from genetic data, suggesting 
that the most suitable areas for C. sativa were extended significantly during the mid-Holocene, 
but declined afterwards and lost connectivity. The projected patterns were compatible with 
existing palaeobotanical records of C. sativa and provide a spatially-explicit picture of its past 
distribution during last 22,000 years.  
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The geographical ranges of species are not static in time, showing expansions and 
contractions that depend on changes in climate variability and anthropic influence. Range 
contractions during the glaciations were characterized by species retreat to suitable areas 
commonly described as refugia (Stewart et al. 2010). Current species’ distributions are therefore 
influenced by past climatic conditions (Svenning et al. 2015) and particularly by the drastic 
climatic events of the Quaternary (Bennett and Provan 2008). The idea of refugia is particularly 
relevant for understanding postglacial species dispersal from the areas where a given species had 
persisted (e.g. Nekola 1999; Médail and Diadema 2009; Keppel et al. 2012; Gavin et al. 2014). 
Knowledge of native distribution ranges and location of refugia of forest tree species is also 
important for the management, for example when defining conservation strategies or reforestation 
programmes (Krebs et al. 2004; Vesella et al. 2013; 2015). Although the classical concept of 
refugia generally refers to large areas with suitable macroclimatic conditions (macrorefugia), 
cryptic refugia (microrefugia) can occur in small areas with specific microclimate (Ashcroft 2010; 
Birks & Willis 2008; Rull 2009). Indeed, large regions traditionally considered as refugia are 
climatically complex and the past occurrences of relict species within them are difficult to assess 
(Gómez and Lunt 2007). 
 
A remarkable example of climatic macro- and micro-refugia is the persistence of forest trees 
along the European Mediterranean region during the Last Glacial Maximum (LGM; approx. 
18,000-22,000 yr BP, i.e. before present; Médail and Diadema 2009). Fossil pollen records have 
been the main source of information for the reconstruction of tree distributions after the LGM 
(Huntley and Birks 1983; Davis et al. 2003; 2013). In the last decades this information has been 
complemented with genetic and phylogeographical analyses (e.g. Rodríguez-Sánchez et al. 2010; 
Nieto-Feliner 2014) that developed hypotheses about possible connections of species lineages 
(e.g. Mattioni et al. 2013). More recently, species distribution models (SDMs) emerged as 
complementary tools for assessing the spatial extent of refugia (e.g. Svenning et al. 2011; Alba-
Sánchez et al. 2010; Schorr et al. 2012; Vessella et al. 2015). SDMs were used to identify 
historically suitable areas for tree species in Central and Northern Europe and North Africa 
(Svenning et al. 2008; Alba-Sánchez et al. 2015), providing complementary evidence to fossil 
data (Tzedakis et al. 2013; Feurdean et al. 2014). Since all approaches based on pollen/fossil data, 
phylogeography or SDMs are subject to limitations, assessing areas of species refugia should 
integrate different sources of information (Gavin et al. 2014). 
 
Castanea sativa Mill. (Fagaceae; sweet chestnut) is a tree species subject to controversial 





been introduced in Western Europe by the Roman Empire from northern Turkey and the Caucasus 
(Zohary and Hopf 1988), where the species showed higher levels of genetic differentiation 
(Villani et al. 1994; 1999). However, genetic data from different European populations has 
suggested the existence of glacial refugia in Western Europe, assuming also a strong influence of 
humans on its historical distribution (Fineschi et al. 2000). Recent studies based on pollen records 
have reported the occurrence of C. sativa in Western Europe before the end of the Pleistocene 
(e.g. Muñoz-Sobrino et al. 2004; Kaltenrieder et al. 2009), also suggesting glacial refugia. Krebs 
et al. (2004) identified LGM refugia along the northern coast of Spain, in southern France and 
Italy, based on macrofossil and pollen data. Mattioni et al. (2008; 2013) found that the populations 
from the westernmost areas were genetically differentiated from those occurring in Greece and 
Turkey, while Fernández-Cruz and Fernández-López (2016) found a clear genetic differentiation 
among C. sativa populations from Western Europe. All these results reinforced the hypothesis of 
glacial refugia for C. sativa in Western Europe, in agreement with the general patterns of 
European biogeography that established the role of the three large Mediterranean peninsulas – 
Balkan, Italian and Iberian – as the key macrorefugia during the LGM (Médail and Diadema 
2009). 
 
Summarizing the pollen and genetic data, the most probable refugial areas for C. sativa during 
the LGM are the Transcaucasia, the Sea of Marmara area, the Italian Apennines and the North 
Atlantic and Cantabrian coasts of the Iberian Peninsula (Huntley and Birks 1983; Krebs et al. 
2004; Mattioni et al. 2013). Moreover, it has been hypothesized that the shrink of the species’ 
distribution during the LGM was followed by an expansion during the mid-Holocene (Davis et 
al. 2003). This period, also called the climatic optimum (Allen et al. 1996), was characterized by 
a warm and moist climate with the expansion of mixed deciduous forests in the Mediterranean 
basin and the European temperate zone (Huntley 1990). Mountain areas of Southern Europe 
above 1,000 m were probably colonized by C. sativa and other tree species with similar climatic 
requirements (Muñoz-Sobrino et al. 2005). In the Iberian Peninsula, Benito-Garzon (2006) 
suggested that climatically suitable areas for C. sativa during the mid-Holocene were more 
widespread that nowadays, implying a Late Holocene contraction of its distribution. In this area 
sweet chestnut showed an expansion derived from its cultivation since Roman ages, and 
especially during the Middle Age (Conedera et al. 2004). However, the spatial dimensions of past 
contractions and expansions of C. sativa are difficult to assess with pollen and genetic data at the 
continental scale. The missing spatially-explicit information about past distributions of tree 
species can be provided by species distribution models based on palaeoclimatic models (Svenning 
et al. 2008; 2011), which can also identify potential new refugia not detected by palaeobotanical 






In this study, we use species distribution models to test major hypotheses about the past 
distribution patterns of Castanea sativa. We use the current distribution range of the species to 
compute SDMs based on the present-day climatic conditions and different modelling algorithms, 
projecting the models to different climatic scenarios for the LGM and the mid-Holocene, and 
comparing model projections with fossil pollen and charcoal records. 
 
 
2. Material and Methods 
2.1. Species and climate data 
 
The study focuses on the Mediterranean Basin and adjacent regions: the south of the European 
Atlantic Region, the Black Sea region and the Middle East (Fig. 1A). The hypothetical distribution 
range of Castanea sativa was obtained from the European Atlas of Tree Species (Conedera et al. 
2016) which defines the native and introduced species distribution ranges based on various data 
sources, including pollen and charcoal records. This map represents the most updated distribution 
of C. sativa at continental level. To develop a database of fossil records (mainly pollen and 
charcoal) of C. sativa in Europe, we followed the recommendations by Moreno-Amat et al. (2017) 
to firstly compile information from general sources, European Pollen Database (Fyfe et al. 2009; 
Davids et al. 2013; EPD 2017) and Neotoma database (Goring et al. 2015). Then we added 
information for the studied periods (LGM and mid-Holocene) from a series of more specific 
sources, as for example Krebs et al. (2004) who provided a detailed revision of past chestnut 
records, and Arambarri et al. (2016) who compiled several existing data for the north of the Iberian 
Peninsula. These data were used to provide a statistical validation of the SDMs calculated for the 
LGM and mid-Holocene periods (see Model calibration and validation section for more details). 
For the records of the EPD, the minimum percentage of chestnut pollen used in our database was 
0.1%. Main part of the records used for validation showed at least 0.5%, although some records 
represented percentages between 0.01-0.5%. In the compiled data, 79 records were from the 
period 5,000-7,500 yr BP (mid-Holocene; calibrated years) and 27 records from the period 
18,000-22,000 yr BP (Last Glacial Maximum; calibrated years); these records were used in the 
current study (Fig. 1B). 
 
We collected climatic data from WorldClim at 2.5 minute resolution (www.worldclim.org; 
Hijmans et al. 2005), consisting of spatial extrapolations from climatic stations for the period 
1950-2000. We computed Pearson´s correlations to test for co-linearity among the 19 bioclimatic 
variables of WorldClim, and selected six of them with correlations < 0.75 and with an expected 
impact on the distribution of temperate trees. Mean of the daily minimum temperatures of the 





2013); mean temperature of the warmest quarter (TWARMEST) defines areas with the warmest 
summer (Schorr et al. 2012; Franklin et al. 2013); precipitation of the driest month (PDRIEST) 
defines the areas with a marked drought (Sanchez de Dios et al. 2009; Schorr et al. 2012); 
precipitation of the wettest quarter (PWETTEST) is a useful predictor for distribution of species 
that require a large amount of water in some part of the year (Franklin et al. 2013); and seasonality 
of precipitation (PSEASON) and temperature (TSEASON) provide information about within-
year variations (Svenning et al. 2008). Maps of the selected climatic variables are shown in 
Supplementary information (Fig. S1).  
 
The same bioclimatic variables were also obtained from www.worldclim.org for the past 
conditions of the mid-Holocene and the Last Glacial Maximum, according to the palaeoclimatic 
scenarios generated by three different sources: the Max-Planck-Institute Earth System Model 
(MPI), the Community Climate System Model (CCSM) and the Model for Interdisciplinary 
Research on Climate (MIROC).  
 
2.2. Modelling framework 
 
To account for potential differences in models obtained with different methods, we tested 
three algorithms based on distinct statistical principles, namely regression, machine learning and 
profile methods (Hijmans and Elith, 2016). We used generalized linear models (GLM) as the 
standard procedure for modelling species distributions with presence and absence data. GLM was 
computed to transform the mean of the responses to a linear function of the predictor variables 
using a binary logistic function, with an equal number of absences and presences obtained from 
the native distribution range of C. sativa, and a variable selection procedure using the Backward 
Wald criterion in R (R Core Team 2015). We also used Maxent version 3.3.3k (Dudik et al. 2011) 
as a machine learning method that is widely used for modelling species distributions with 
presence data and a background of the study area (Phillips et al. 2006). Finally, we applied the 
Mahalanobis distance (Mahalanobis 1936) to select the most similar areas as reflected by the 
statistical distance to the occurrence data in the environmental space, as implemented in a 
Geographic Information System (Jenness 2003). This method is useful to complement the other 
two since it does not assume species response functions, therefore providing an independent 
assessment of climatic similarity between two areas or periods. 
 
The three methods were first applied to the current climatic conditions for obtaining habitat 
suitability maps, using a minimum threshold of suitability that includes 75% of the occurrence 
points. The models were then projected to the mid-Holocene and LGM palaeoclimatic conditions 





period allows to detect the potential effect of different reconstructions, which is expected to be 
our major source of uncertainty. For a better visualization, the models computed for each scenario 
were transformed into binary maps (0-1) using the same threshold used for the predictions with 
contemporary climate, and combined to represent the areas of habitat suitability with agreement 
of one, two or three methods. These binary outputs are provided in Supplementary information 
(Figures S2 and S3). Since part of the study area was covered by ice (and permafrost) during the 
LGM (Tzedakis et al. 2013; and Krebs et al. 2004 specifically for C. sativa), the map projections 
for this period exclude areas under continental ice-sheets and mountain glaciers (Ehlers and 
Gibbard 2004). 
 
2.3. Model calibration and validation 
 
A set of points randomly distributed across the whole study area was generated as the source 
of presence and absence data using ArcGIS 10.2 (ESRI, Redlands, CA) and the Geospatial 
Modelling Environment software (Beyer 2012). To reduce the negative effect of spatial 
autocorrelation in SDMs (Dormann et al. 2007; Franklin 2009) these points were generated with 
a minimum distance of 20 km between each other. This distance was selected after testing the 
spatial autocorrelation with the Moran´s I statistic for each environmental variable in the study 
area. For the six variables, the value of Moran´s I was lower than 0.5 (its maximum value for a 
sample with a very high spatial autocorrelation was 1.0) and four of them showed z-scores lower 
than 1.96, so their distribution could be produced by random processes (P > 0.05). Thus we 
assumed that the sample points were spatially independent. This sample of randomly distributed 
points was intersected with the current distribution of C. sativa to obtain a total of 250 presences 
(located on the area where the species is considered to be native; Fig. 1), from which 190 were 
randomly selected as input data for model calibration and the remaining 60 were kept for 
validation. 
 
Model validation was computed with the Area Under the Receiver Operating Characteristic 
(ROC) Curve (AUC, Fielding and Bell, 1997) as a standard method to evaluate model fitting 
(Elith and Leathwick 2009). In addition, two measures of predictive accuracy, sensitivity and 
specificity, were calculated using an independent sample of 120 points (60 presences and 60 
absences). Sensitivity is the proportion of the observed presences that are predicted as presences, 
thus measuring the omission error. Specificity is the proportion of the observed absences that are 
predicted as absences, thus measuring the commission error (Allouche et al. 2006). For the 
validation of the LGM and mid-Holocene models, we also used independent data representing 
localities with dated fossil pollen and charcoal records of C. sativa as provided by previously 





et al. 2004; Arrambarri et al. 2016). In this case sensitivity was calculated but not specificity, 
because absence records are not available for the fossil data. 
 
3. Results 
3.1. Modelled distribution under current climatic conditions 
 
Statistical validation suggested good model performance in the three modelling methods 
without large differences in AUCs (Table 1; from 0.750 for Mahalanobis to 0.916 for Maxent) or 
sensitivity (from 62% for GLM to 78% for Mahalanobis). However, specificity values showed a 
wider range (from 52% for Mahalanobis to 95% for Maxent). The two variables with a higher 
contribution were those related with climate seasonality (PSEASON) and precipitation during the 
wettest quarter of year (PWETTEST). In the GLM, three variables showed positive relations 
(TWARMEST, PDRIEST AND PWESTTEST) while the other three showed negative values. 
The Wald criterion values for variable selection and their percentage contributions are presented 
in the Supplementary Information (Table S1). 
 
The three modelling methods provided similar spatial patterns, showing the areas with higher 
habitat suitability under current climate (Fig. 2) in the Atlantic region of France and Spain and in 
the northern and central parts of the Mediterranean peninsulas. The models predicted suitable 
areas beyond the known distribution of C. sativa, e.g. in some areas of northern Africa or Central 
Europe. There were differences among the models at finer scales. High suitability was also 
predicted along the western coast of the Balkan Peninsula where there are only isolated 
populations of C. sativa. Maxent was the only model that showed high suitability on the islands 
of Corsica and Sardinia and in southern Italy, where C. sativa is a common and widespread 
species. GLM predicted low suitability in the Sea of Marmara which is within the current 
distribution range of the species, whereas Maxent and Mahalanobis predicted higher values there.  
 
3.2. Habitat suitability during the Last Glacial Maximum and the mid-Holocene  
 
Habitat suitability predicted for the LGM scenarios (Fig. 3A and Fig. S1 in Supplementary 
information) differed from the models for current climatic conditions. The zones with suitable 
conditions were mainly located in the Mediterranean Basin, the Atlantic region from the British 
Isles to Portugal, and the southern and eastern Black Sea region. These models showed a high 
variation in sensitivity computed with the pollen records for this period (Table 2), ranging from 
11.1% (Mahalanobis) to 85.2% (for the GLM) in both cases for MIROC scenario. The results 
were best for the GLM models (74.1-85.2% sensitivity) and less accurate for Mahalanobis (11.1-





SDMs used. The MIROC models were the most restrictive while the MPI models suggested 
refugia in areas that were identified by the other models (e.g. close to the Atlantic coast). The 
areas with higher spatial overlap for the three methods were located in the Italian Peninsula, 
southern France, the western Balkan Peninsula and the southern and eastern coast of the Black 
Sea. Other areas, such as north-western Iberian Peninsula or central France, were identified as 
suitable by two methods. 
The models for the mid-Holocene conditions (Fig. 3B) had higher sensitivity (between 
59.5% and 81.0%) than the models for the LGM conditions, and the results based on the three 
scenarios were relatively similar. In general they showed an expansion of the suitable areas for 
C. sativa from the glacial refugia mainly to the nearby areas. Although the total amount of suitable 
areas did not show high increases (or decreases) from the LGM to the mid-Holocene (Table 2), 
there was a higher level of spatial agreement between the three methods used for the mid-
Holocene (Fig. 3). In all cases, the suitable areas were located mainly in the Atlantic region of 
Europe, the Iberian, Italian and Balkan peninsulas, northern Turkey, Transcaucasia, southern half 
of France and Central Europe.  
 
4. Discussion 
4.1. Distribution of Castanea sativa in the LGM and the mid-Holocene 
 
Our models show distinct patterns of potential distribution of Castanea sativa in periods of 
contrasting extreme climatic conditions. For the Last Glacial Maximum, different methods and 
climatic scenarios showed spatial agreement with pollen records (Fig. 3A), reinforcing the 
hypothesis of refugia for C. sativa in Western Europe and also delineating potential distribution 
of refugia at the continental scale. This spatial model is congruent with the expected patterns of 
Mediterranean glacial refugia (Médail and Diadema 2009) but also with other studies that have 
analyzed the past distribution of C. sativa in Europe (Krebs et al. 2004). The most relevant 
potential refugia identified in this study include (Fig. 3A; from west to east): i) the Cantabrian 
coast of Spain and nearby areas (in agreement with Mattioni et al. 2013; Fernández-Cruz and 
Fernández-López 2016; Benito-Garzón et al. 2006) and Western Iberia (middle zone of Tagus 
River valley, in agreement with Martin-Arroyo 1998);  ii) southern France and the French Alps 
(Uzquiano 1992; Nakagawa 1998); iii) central and northern Italian Peninsula (Lowe et al. 1996; 
Paranelli and Miola 1991; Kaltenrieder et al. 2009; Mattioni et al. 2013); and iv) the Anatolian 
Peninsula, especially the Marmara Sea (Caner and Algan 2002) and the southern coast of the 
Black Sea (Euxinian biogeographic region). In contrast, some areas modelled as climatically 
suitable were not considered as glacial refugia in previous works, for example north-eastern 
Spain, an Atlantic corridor from north-western to south-western Spain, the northern half of France 






In the mid-Holocene, the European climatic conditions changed considerably as a result of a 
general increase in temperature until 7,000 years before present (Davis et al. 2003; Heiri et al. 
2003). In Southern and Central Europe, this warming event was linked with the well-documented 
expansion of different species, especially deciduous trees (Huntley 1990; Brewer et al. 2002). 
Several studies using different approaches and focusing on different regions have suggested that 
the mid-Holocene was particularly favourable for the expansion of C. sativa and other species 
with similar ecological requirements (Ramil-Rego et al. 1998; Muñoz-Sobrino et al. 2005; Benito-
Garzón et al. 2007; Kaltenrieder et al. 2010). However, the spatial dimension of this expansion at 
the continental scale has not been assessed until now. Besides supporting the idea of general 
expansion of C. sativa to the south in the mid-Holocene, our results suggest that this expansion 
may have occurred mainly in the southern half of Europe (southern Spain, Italy and Greece), This 
agrees with the fossil records dated for the mid-Holocene in areas where C. sativa is currently not 
present or its presence is scarce (Fig. 1). We highlight the occurrence of suitable areas for C. 
sativa in the Atlantic coast of France since the LGM and especially during the mid-Holocene (Fig. 
3), which is in agreement with the high density of pollen records for this period, despite the species 
is not being considered as native in most of this region (Fig. 1). However, as C. sativa fruits were 
probably used in the diet of prehistoric humans, it cannot be excluded that humans, in addition to 
climate suitability and natural dispersal, may have already contributed (passively or actively) to 
its dispersal in the Early Holocene, as suggested for the dispersal of Corylus avellana by 
Mesolithic hunter-gatherers in Central Europe (Kuneš et al. 2008). 
 
We note that the spatial patterns provided in this study are subjected to the limitations of 
palaeodistribution modelling in terms of uncertainties of predictors and projections to past 
conditions (Svenning et al. 2011; Janská et al. 2017). In addition, despite European distribution 
of C. sativa is partially driven by soil conditions (preferring well-drained and acidic to neutral 
soils; Conedera et al. 2016), this information was not included on our analysis. Although we have 
used an updated review of the native and non-native distribution of C. sativa, there is also 
uncertainty in the current native range of the species. For example, recent palaeobotanical records 
suggested a native distribution more extended for some specific areas (e.g., Central Iberian 
Peninsula in López-Sáez et al. 2017). In addition it should be highlighted that our models showed 
only those climatically suitable areas where the species could be present. We also note that other 
relevant drivers of dynamics of species ranges (such as species dispersal capacity, Svenning and 
Skov 2007; Lehsten et al. 2014; or species competence, Lurgi et al. 2015) were not included in 
our models since they are based exclusively on climate. Nevertheless, the combination of different 
methods and palaeoclimatic scenarios and the validation with independent fossil data allowed us 





high spatial agreement among modelling methods and palaeoclimatic scenarios, with a weaker 
performance of Mahalanobis in the LGM, and warmer conditions predicted by the MPI scenario 
than by the MIROC scenario. Despite this, the spatial predictions supported the patterns suggested 
by previous studies based on fossil records (e.g. Krebs et al. 2004) and phylogeography (e.g. 
Mattioni et al. 2013). The spatial resolution (2.5 minutes, approximately 4.5 km at the equator) 
reflects an intermediate level between macro- and micro-refugia at the continental scale, at least 
under their general use for referring to large and small refugial areas, respectively (Ashcroft 2010; 
Gavin et al. 2014). 
 
4.2. Biogeographic history and the present-day distribution of Castanea sativa 
 
The cold and dry climate of the last glacial period and post-glacial climatic warming are 
major drivers of the distribution of C. sativa (Krebs et al., 2004; Mattioni et al., 2008; 2013) in 
combination with human impact during the last 2,000 years (Conedera et al. 2004; Bradshaw 
2004). The modelled climatic suitability suggests that the expansion of this species in the first 
half of the Holocene was followed by a contraction of its distribution range during the last 5,000 
years, resulting in the current fragmented range. However, humans also have participated in the 
expansion of C. sativa across European landscapes during the last two millennia (Conedera et al. 
2004; Bradshaw 2004; Vescovi et al. 2010; Kaltenrieder et al. 2010; Morales-Molino et al. 2015; 
Lopéz-Saéz et al. 2017).The human influence could have resulted in the similarity of some 
genotypes from Italy and Spain (Mattioni et al. 2013). Nevertheless, evidence from pollen records, 
genetic data and SDMs suggest that human influence has modulated the regional distributions of 
C. sativa in Europe, rather than influencing its broad-scale distribution pattern. 
 
Our results provide a strong support for the hypothesis of the glacial persistence of C. sativa 
in the northern and central Iberian Peninsula, where the species has been considered native only 
recently (López-Sáez et al. 2017). In this region the species shows a high genetic diversification 
in comparison with other European populations (Mattioni et al. 2008; Pereira-Lorenzo et al. 2010; 
Fernández-Cruz and Fernández-López 2016). There is a millennial tradition in the production of 
sweet chestnut (Conedera et al. 2004). The populations of C. sativa in this region also show good 
adaptation to limiting environmental conditions, e.g. drought, in comparison with the southern 
Iberian populations (Ciordia et al. 2012). This supports the idea that the species colonized central 
and southern Iberia in the warm and humid period of the mid-Holocene, but later on it was 
negatively affected by dry summers that characterize this region, particularly by the so-called 
4200 cal BP arid event, as well as by the increase of anthropic activities since the Chalcolithic 
period (López-Sáez et al. 2014). The persistence of C. sativa in north-western Iberia may be 





regional contractions and expansions from lowlands to highlands and vice versa. This idea is in 
line with the expected role of the climatically stable areas and the refugia-within-refugia scenario 
in Europe (Abellan and Svenning 2014). 
 
Observing the current distribution of C. sativa and the palaeobotanical evidence of the two 
studied periods, the presence of isolated populations in continental areas with temperate 
(Romania, Bulgaria or Hungary) and Mediterranean (Iberian and Balkan peninsulas, Anatolia) 
climates should be highlighted. There is archaeological evidence of C. sativa in Germany during 
the Roman Period (Conedera et al. 2004) and the species is considered as a Roman-introduced 
archaeophyte in Slovakia (Medvecká et al. 2012). The forests of C. sativa in this area were planted 
in the High Middle Ages and the early Modern Period while the species is unknown in other areas 
such as the Czech Republic before the 16th century (Kosňovská 2013). Similar cases could have 
occurred along the Mediterranean Basin, where ancient cultures probably spread the species in 
suitable areas. Nevertheless, evidence from the paleo-distribution modelling conducted here, 
together with fossil pollen and charcoal records, suggest that at least part of the scattered 
populations currently occurring in southern Central Europe and the Mediterranean coast are 
climatic relicts from the mid-Holocene, when C. sativa probably reached its maximum 
distribution range since the last full glacial period. This fact is also clear in some areas of Western 
Europe (such as the west and south of France) where the species found large suitable areas during 




Using a palaeodistribution modelling approach, this study provides a spatially-explicit 
picture of the two crucial periods of the biogeographical history of Castanea sativa in the 
Mediterranean Basin and the Atlantic region of Europe. For the LGM, we detected potential 
refugia on the three large Mediterranean peninsulas (Balkan, Italian and Iberian), along the 
Atlantic coast of France and Spain, and along the southern coast of the Black Sea. This 
distribution was validated by fossil records, and is also in agreement with genetic analyses of this 
species. Our results also suggest a postglacial expansion of C. sativa in the mid-Holocene, when 
climatic conditions were more favourable for it than current climatic conditions in Europe. We 
therefore hypothesize that some of the isolated populations in southern Central Europe and on the 
Mediterranean peninsulas could represent current refugia from the Holocene expansion. Our 
study provides a climatic framework for understanding potential refugia of C. sativa in Europe, 
despite later influence of humans also has to be considered. Moreover, our proposed model of 





planning of appropriate management strategies for conservation of genetic resources and for 
reforestation projects.  
 
Supplementary information 
Additional Supporting Information may be found in the online version of this article: i) 
Climatic variables description and statistics; and ii) Individual distribution models for C. sativa. 
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Table 1.  
Validation of the models developed. 
Model  
type 
Validation (independent data subset with points n = 120) 







% of the total 
study area 
GLM 0.811 62 70 1,773,946 34.5 
Maxent 0.916 67 95 784,647 15.3 
Mahalanobis 0.750 78 52 2,386,892 46.4 
 
Table 2.  
Suitable area, habitat suitability and sensitivity for the three modelling methods (GLM, Maxent and 
Mahalanobis) calculated and three scenarios (MPI, CCSM and MIROC) used. 
MODEL 















GLM 3,232 52.3 0.271 0.263 74.1 1,374 26.7 0.140 0.177 70.9 
Maxent 1,399 22.6 0.316 0.224 37.0 856 16,6 0.239 0.219 74.7 





 GLM 3,491 56.5 0.303 0.271 81.5 1,317 25.6 0.142 0.186 75.9 
Maxent 1,421 22.9 0.295 0.249 51.9 900 17.6 0.236 0.227 68.4 





 GLM 3,385 54.7 0.281 0.259 85.2 1,631 31.7 0.170 0.208 81.0 
Maxent 998 16.1 0.251 0.258 44.4 1,196 23.3 0.259 0.238 75.9 
Mahalanobis 112 1.8 0.013 0.060 11.1 1,059 20.6 0.142 0.201 59.5 
*: Calculated from fossil pollen and charcoal records for the Last Glacial Maximum (27 points from 18,000 to 22,000 cal. yr BP) and 






Figure 1. Assumed native and introduced distribution range of Castanea sativa (from Conedera et al. 2016) 







Figure 2. Distribution models for Castanea sativa based on three modelling methods (GLM, Maxent and 







Figure 3. Suitable areas for Castanea sativa in the Last Glacial Maximum and mid-Holocene for three 
different climatic scenarios (MPI; CCSM and MIROC) based on the combined results of three modelling 
methods (GLM, Maxent and Mahalanobis). Different colours show the degree of agreement among the 










Glacial refugia and mid-Holocene expansion delineate the current distribution of Castanea 
sativa in Europe  




1. Geographic patterns of the climatic variables used for species distribution 
modelling and their statistic relevance on the models. 
 
 




GLM (coefficients and Wald criterion) and Maxent (% contribution and permutation importance of 
variables).  








TMIN - - 20.9 26.4 
TWARMEST 0.015 8.627 17.9 29.7 
TSEASON 0.000 11.103 33.1 5.8 
PDRIEST -0.050 6.891 17.2 22.2 
PWETTEST 0.015 17.927 0.9 11.7 
PSEASON -0.111 22.034 10 4.2 







2. Individual models conducted for Castanea sativa in the Last Glacial 
Maximum and Mid-Holocene. 
 
Figure S2. Representation of the habitat suitability models and of the suitable areas using the threshold of 
the 75% of current probability of occurrence of the three types of models (GLM, Maxent and Mahalanobis) 







Figure S3. Representation of the habitat suitability models and of the suitable areas using the threshold of 
the 75% of current probability of occurrence of the three types of models (GLM, Maxent and Mahalanobis) 
for the three climatic scenarios (MPI, CCSCM and MIROC) for the Mid-Holocene. 
 
 
